Coastal dunes are among the most complex interfaces to study in the world. Improving the knowledge of their morphodynamics is essential to better understand the present evolutions and try to anticipate future. The recent use of the new vectors that are drones, UAV and UAS, improves the temporal and spatial resolutions of geomatic data acquired on these environments. Many studies attempt to measure the sedimentary variations that occur from one date to another by the use of differential volumes. In particular, they make it possible to understand the roles of storms, sometimes erosive, as well as the possible morphological responses of associated reconstruction periods. One of the primary methods for calculating volume evolutions is the assessment of a vertical delimitation of the dune toe. However, it is difficult to limit mobile and variable environment, temporally and spatially, to a simple vertical topographic delimitation. This study was realized to estimate the error induced by the use of the vertical threshold method. In the examples that were done, this error was far from being negligible and might in some cases exceed the evolutions of measured volumes. In overcoming this problem, an alternative method was developed. It was the seemingly better adaptability to these mobile environments that are the coastal dunes.
involve more vulnerability to climate change: sea level rise, storm impacts and other coastal hazards [2] [3] [4] . This paper deals with improvements in scientific knowledge and data collection about beach and dune behaviour. Most of the studies dealing with this issue are based on spatial analysis, through the use of Geographic Information System (GIS). These data can be aerial photos, Digital Elevation Models (DEM), topographic features and many other elements allowing interpretation of spatial dynamics and processes [5] [6] [7] [8] [9] [10] . In the domain of coastal dunes survey, these tools give us the opportunity to better estimate morphological evolutions: coastline position [6] [11] [12] , vegetation cover [13] [14] and sediment budgets (defined as the balance between changes in the volume of sediment stored in the beach and dune system and the sum of the volumes of sediment entering or leaving the system) [15] [16] [17] [18] [19] [20] [21] .
Our study focuses on available methods dealing with the calculation of dune volume variations due to storm impacts [20] [22] [23] and the following post-traumatic reconstructions [21] [24] [25] [26] . A large part of the studies aiming at calculating coastal dune volumes is based on a spatial extent of the foredune and on well-used parameters that are, in practice, quite easy to be applied: cross-shore profiles, a vertical limit of the dune toe, a point of no mobility located on the grey dune. Those studies poorly described or computed associated error to the vertical limit method. Field observation, especially at high frequency and spatial resolutions, shows that beach and white dune are such mobile environments in which behavior modeling with fixed delimitations doesn't work.
We assume that, without integrating a more complex set of parameters, precious information can be lost, so that, in certain cases, analysis and interpretations ensued from this erroneous data compilation can be considered as ineffective [1] [6] [7] [21] [27] .
Our study aims to better assess bias between a classic method of volume calculation (using arbitrary vertical limits) and field reality, and then try to quantify associated errors. To that end, a geomatic protocol of verification, using Lidar (laser detection and ranging) acquisition and UAV (Unmanned Aerial Vehicle) survey, is developed and a new method of volume calculation, using an adapted version of the "cut and fill" topometric technic of measurement, is tested on two control sites located on the west coast of France.
Field Site
Study sites are situated on the central part of the French Atlantic coast ( Figure   1 ). The first one, the beach of Plaisance, is a sheltered bay located on the East coast of Oleron Island. The second one, Truc-Vert, is an exposed beach located on the Aquitanian coast. indicate that West winds dominate the winter season while sea breeze takes place during summer.
Plaisance
The site of Plaisance is composed of a large beach, and a low elevated foredune protecting a pine forest, surrounded by the cove of La Malconche to the North and the head of Les Saumonards to the East. In this part of the Isle of Oleron, swell is refracted and waves have mainly lost their energy when they break in front of Plaisance. Only storm conditions and/or long period swells can produce waves exceeding 1.0 m. The beach and dune system is composed of fine sands (200 to 350 µm). The forest was planted during du 19 th century to preserve local population from sand invasions and coastal retreat. Nowadays, coastline position is sustained by dikes and groynes erected during the second part of the 20 th century. More recently, a very energetic winter (2013-2014) caused repeated damages on the dune and several overflows in only a few months. Following this climatic anomaly, a dune recovery is observed. But the site remains vulnerable to storms, especially those impacting the coast during high spring tides.
Truc-Vert
The beach and dune morphology at Truc-Vert is representative of the straight shape of the Aquitanian coast. The prevailing dynamics are typically those observed on very exposed beaches, dominated by swell conditions. Indeed, if wave climate indicate an average significant wave height of 1. 
Methods

Lidar Acquisition
The campaigns were carried out by the National Geographical Institute (IGN), with the Litto 3D program (2010, at Plaisance) and a command of the Observatory of the Aquitaine Coast (2014, at Truc-Vert). It is an airborne Lidar, whose commodities are DEM of metric resolution, to 25 cm of vertical uncertainty [27] .
Resampling on two data has been done from rough point clouds. Final DEM has a spatial resolution of 0.5 m, with 25 cm of uncertainty.
UAV Acquisition and Photogrammetric Protocol
Since 2016, a 1.7 Kg UAV (DJI Phantom 2) is used to survey Truc-Vert. It is equipped with a black GoPro Hero 4 sensor and a three-axis brushless gimbal.
The flight parameters and the success of the missions are provided by a video return of 5.8 GHz system. The drone carried out its missions from a flight plan scheduled at a speed of 5 to 9 m/s (depending on the strength of the wind) and a height of 40 m. Several permanent ground control points have been implemented on the dune by using a differential GNSS (PPK method) Trimble R6 [10] . Topographic data are post-processed by using the Trimble software and a nearby permanent GNSS Stationlocated at Royancity. shots are aligned. This operation causes some systematic errors (geometric deformations), essentially on the vertical plane (a bit on the longitudinal plan). The bowl effects [28] are more pronounced when lands are very long and little broad. They are corrected by adjusting the precision of cameras alignment, as well as the increase of the density of ground control points ( Figure 2 ). For each campaign, the drone produces several games of data: • An ortho-photo with a spatial resolution of 1.5 (Plaisance) and 2.5 cm (Truc-Vert).
• A Dem with a spatial resolution of 3 cm (Plaisance) and 2 cm (Truc-Vert) and whose vertical details are 6 (Plaisance) and 10 cm (Truc-Vert).
Volume Computing with a Vertical Threshold and Topographic Profiles (v1)
The most used volumes computing method is operated from a vertical threshold.
Usually, this vertical delimitation is based on visual estimations of the dune toe or another indicator. This method uses cross-shore profiles from the vertical threshold, and up to a non-mobility point located on the grey dune ( Figure 3 ).
This setup induces a surface that can be calculated and extrapolated alongshore to obtain a volume, as in the following Equation (1) ( )
where p is a cross-shore profile, Sa surface, l the distance extrapolation between two profiles, L the linear part of the coast concerned by the calculation to get m 3 /m linear alongshore variations.
In this study, dune profiles have been drawn by using the ARCMAP add-on, called DSAS [29] . Transects are drawn every 2 m, with 200 m of length. Further, each transect is cut into a series of sections of 0.25 m, by averaging the topography.
The surface of all the profiles is therefore calculated as follows (Equation (2)):
where p is a profile topographic cross shore, t a stretch of 0.25 m, d the distance of t, 
Volume Computing Using a Vertical Threshold and a Polygon Surface (v1)
This variant method does not use cross-shore profiles, but a surface ( Figure 4 ).
Volumes are then computed according to the following Equation (3):
where P a pixel of the digital terrain model, vt the vertical limit, SP the pixel surface of the DEM, L the linear part of the coast concerned by the calculation to get m 3 /m alongshore variations.
In this study, the vertical limit is subtracted to the terrain through the use of a raster calculator. The terrain so calculated is then converted in Digital Volumes Model (DVM), using the surface of each pixel. Beachside, the limit is extracted by making an isocontour at a given altitude. On land, the no mobility limit can be traced "by hand" or making a topographic differential with the extraction of an isocontour to 0. All of the two boundaries (sea and land) can then be assembled to obtain a polygon. The volume is then calculated by summing all of the pixels of the DVM in the surface of the polygon.
If several polygons are used to illustrate alongshore variability, all polygons must be summed to provide the total balance of the evolutions of the site under study (v2e), according to the following Equation (4):
where E is a topographic influence (polygon), P a pixel of the digital terrain model, vt the vertical limit, SP the pixel surface of the DEM, L the linear part of the coast concerned by the calculation to get m International Journal of Intelligence Science 
Vertical Threshold Delimitation
The vertical limit used for the site of Truc-Vert was determined at 7 m above mean sea level, by visual observations [15] . We kept this delimitation to determine applicability. The vertical limit used for the site of Plaisance was determined at 6.2 m above mean sea level. This value has been obtained after having photo-interpreted the dune toe position and calculated its topographic average in 2010 and 2017.
Photo-Interpretation of the Dune Toe
In checking the dune toe position compared to the vertical threshold, the dune toe is photo-interpreted for each field date. Parameters are a slope break: by using the dip and shadingrasters, computed from the DEM. This slope break is complemented by the interpretation of the vegetation limit, visible on every high-resolution aerial photography. This dune toe indicator is commonly used in coastal studies [5] [12] . Spatial resolutions associated with the images are detailed in Table 1 .
Error Computing of v1 and v2
Regarding dune toe mobility, the associated error with the use of a fixed vertical limit may be calculated by comparing the photo-interpreted dune toe and the one obtained by using an isocontour of the vertical limit. The merger of these two limits draws a polygon from which calculations can be achieved. Beforehand, given that all of the volumes are calculated from a vertical limit, values must be converted to absolute values. The Equation (5) The Equation (6) used to calculate the v2 error is:
where P is a pixel of the DEM, Z the topographic value P, vt the vertical limit, SP the pixel surface of the DEM, L the linear part of the coast concerned by the calculation to get m 3 /m alongshore variations, I
ε the instrumental error (RMSE) associated with acquisitions as well as photogrammetric protocol.
Volume Computing with a Dune Field Adapted to Cut and Fill Method (v3)
To better integrate the intrinsic mobility to the dune system, we developed another approach for volume calculations. This alternative is an adaptation of the principle of the cut/fill to the dune and coastal environment ( Figure 5 ).
The use of this method implies to define the dune toe position and main reliefs of the dune (scarped foredune but also the summit and the other side of the dune). The identification of these morphological elements is based on a photo-interpretation and an automatic extraction of slope-outs. To take into account the dune toe position variability, during the phases of erosion (steps back and lowers) or accretion (progress seaward and raises), we operate a differential between two DEM's (so at least two measures are required to start). From polylines thus extracted, result polygons of erosion or accretion. These polygons are then merged to other polygons. Therefore, it is first necessary to calculate a differential of DEM and convert it into DVM (on each pixel), according to the following Equation (7):
where DEM 1 is the oldest measurement, DEM 2 is the most recent, Sp the pixel surface of the resulting differential.
The Equation (8) used to calculate volume from a DVM is: If several polygons are used to illustrate a longshore variability, all polygons must be ordered for the total balance of the evolutions of the site under study volumes (v3e), according to the following Equation (9):
where P is a surface (polygon).
The associated error with this method (Equation (10)) boils down to the error related to the instruments deployed in the various protocols and that related to the photogrammetric protocol. By combining them, we get a total error not exceeding 10 cm at Truc-Vert and 5.6 cm at Plaisance:
where n is the number of cells used to calculate v3 and I ε the error (RMSE) related to acquisitions as well as photogrammetric protocol.
Synthesis Flow Chart
A synthesis flow chart is presented to illustrate all of the previous computing ( Figure 6 ). At Plaisance, control of boating sector also presents significant differences between values bounded by photo-interpreted and by isocontour (Figure 8 ).
Results
Shoreline Delimitation Variability
This gap is especially important towards the center of the area, due to the emergence of an embryonic dune. In 2010, the gaps between the dune toe boundaries were of average 3 m (envelope from 0 to 24 m). However, in 2017, the isocontour is closer to the photo-interpreted limit, with a medium gap between the two-dune toes of 0.5 m (envelope from 0 to 14 m).
Longshore Altimetric variability of the Dune Toe
The gap between the isocontour and photo-interpreted delineations is shaped by elevation changes in the dune toe along the coastline (Figure 9 ). At Plaisance, in 
Estimated Volumes Differences and Methodological Bias
The common point between v1 and v2 methods is the use of an arbitrary delineation of the dune toe. As already observed, this one is often not consistent with the field reality. As it comes to calculate volumes from this setting, more or less significant errors will result. Our observations show that this is particularly the case when the position of the dune toe is changing rapidly (during erosion or reconstruction phases). These errors appear minimal as reported to the volumes of the dunes, since they are consistently lower than 1%. If we look at variations of volume, by differentials between each statement, at this scale errors become significant. Differential after differential, they will sometimes be cumulated (Figure 10(a) ). If a phase of erosion and reconstruction are linked (or vice versa) between surveys, incidentally the error may cancel (Figure 10(b) ). If the dynamic continues, cumulative errors exceed the calculated volumes differential which is not without consequence in the interpretation that we can give. The method of calculation by embankments, cuttings, which does not suffer from this way, allows checking the differentials of volumes calculated using v1 (Table 2 ) and v2 (Table 3) .
For the site of Truc-Vert, the error associated with the 2014-2016 differential exceeds 100% of the calculated variation of volumes. The differential 2016-2018
gives a significant degree of error but any remaining (nearly 90%).
For the site of Plaisance, the approximation is less critical, with a degree of error varying from 30% to 35%. In 2017, the dune toe bounded by isocontour was very close to the dune toe photo-interpreted (gap less than 1.0 m). Mobilized volumes are also smaller, making it easier to estimate and limit the margin of error. 
Discussion
The use of vertical limits, to calculate sand volume variations, seems to be sometimes unadapted for coastal dune environments. Especially those where morphodynamics are very variable in time and offer a large range of variation in extends. Cumulated errors ensued from this method are quite difficult to quantify.
We developed a protocol to take up the issue, based on other physical indicators performed by computer-assisted photo-interpretation. Results and comparison of the available approaches incite us to work on the assumption that, in some cases, errors in the calculation of volumes can exceed the measured field variation itself. The verification process is illustrated in this paper through two distinct study sites. Besides, this work was performed on several other configurations along the French coast.
A vertical limit is relevant in the case of coastal features which are not influenced by the variation of the dune toe position. As in the example of a parabolic dune located at the top of the foredune and evolving toward the grey dune we survey from years [30] . Easy to determinate (visual estimation) and perform (a Journal of Geographic Information System unique value all along the shore), the method can be preferred to other approaches because of these advantages. On the contrary, when morphodynamics observed rely on the dune toe position and where this one is very variable, another method needs to be performed. Thus, our alternative based on the topometric cut and fill concept is much more adapted in such configurations.
As the main advantage, this method allows us to better integrate landform variability. In the case of coastal dunes, we can accurately identify the dune toe but also any physical indicator involving slope disruptions (top of the dune, bulges and cavities). A beforehand cross-shore and long-shore compartment of the dune is then sufficient, as shown in (Figure 11 ). Errors generated by this approach do exist. The first one is directly due to the physical indicator technics of delineation. Verification of the process of data production is thus essential.
For example, every automatic extraction of slope breaks needs to be compared with photo-interpretation, and if necessary corrected a posteriori. The second one is due to the geomatic process itself, when polygons obtained intersect raster cells from the input DEM's. Cumulated errors were estimated for Plaisance and Truc-Vert and give values varying from 0.3% to 3%, which is quite acceptable. This protocol was applied at Truc-Vert form a high resolutions UAV survey performed between October 2016 and January 2018 ( Figure 12 ). Selected physical indicators allowed us to calculate sand volume variation at each part composing the beach and dune system, from whom a global volume can be summed.
As a result, sand erosion and deposition are spatially identified with a high rate of accuracy. Such a decomposition of coastal features, at high resolution, both cross-shore and long-shore, is useful for refining morphological analysis. Figure 11 . Example of cut and fill method improvements, with: seaward limit of measurements (1), variable position of the dune toe in a context of accretion (2) , variable position of the dune toe in a context of erosion (2'), medium limit on the foredune (3), non-mobility limit (4), white dune (5), grey dune (6) . International Journal of Intelligence Science 
Conclusions
This study indicates that using arbitrary defined vertical limits is not the only way to calculate beach and dune volume variations. As shown through the examples of Plaisance and Truc-Vert, the method suffers from imprecision that conduces to underestimate the potential variability of the dune toe position. In some cases, beach and dune morphological mobility are too wide and call the method relevancy in question. In this paper, we wanted to focus on this problem, developed a geomatic protocol to quantify associated errors and then tried to develop an alternative method of sand volume calculation.
The main reason why the vertical limit is sometimes unadapted is that beach and dune do not have the same rates of recovery [21] . The dune toe is materialized by an embryonic dune partially covered by pioneer vegetation. This implies topographic heterogeneity, both cross-shore and long-shore. Ignoring these essential elements, mobility and heterogeneity, lead to wrong results and false analysis. The combination of a high-resolution photogrammetric data survey and the use of a derived cut and fill topographic method allowed us to significantly reduce errors associated with sand volume calculation and to better estimate the beach and dune morphodynamics.
This work offers several leads of development and numerous perspectives.
Furthermore, an improving of our adaptive cut and fill method could be applied with the use of multispectral images of coastal sand dunescollected via UAV.
These additional measurements could enable us to increase the number and quality of parameters from whom we delineate the dune reliefs. Otherwise, itwould allow us to better integrate the role of vegetation cover and its interactions with the dune morphodynamics, by using remote sensing technics and various imagery processings.
